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A comparison is made between electrochemical and homogeneous redox reactivity for
species involving the transfer of multiple electrons at a single thermodynamic potential.
In the electrochemical case the co-reactant is the electrode; in the homogeneous case it
is any of several members of a homologous series of one-electron reagents. In the latter
case It is shown that the slope of a plot of the observed pseudo first order rate constant
(one-electron reagent in excess) versus the thermodynamic driving force can be used to
identify the cross reaction's rate -determining step. It is noted that the proposed use of
a homogeneous linear free energy relation (Bronsted plot) for mechanistic purposes is
closely analogous to the well known Tafel approach (log current vs. potential) in
electrochemnical kinetics.

:1Z S-S CNiA4 ILili. r', :: Z Aa~S;IAC j:I. AST AC_ SEC,.Aiy CZ.ASIPICATICN

,NCAS;1E~~jL_'A- SAME AS AV- Z =-c .srqs :: I

JcL 1.Hup(708) 491-350,

Z C iLCRM 1473, 82 A PR E3P? C. ,F!A S ;SSCL.IEE. --- ~-



OFFICE OF NAVAL RESEARCH

TECHNICAL REPORT

FOR

Contract N0014-88K-0369

Technical Report No. 3

Linear Free Energy Relations for Multielectron

Transfer Kinetics: A Brief Look at the Bronsted/Tafel Analogy .

by

M. S. Ram and Joseph T. Hupp NI 'r

(708) 491-3504

Evanston, Illinois 60208-3113

Reproduction in whole, or in part, is permitted for any purpose of the United
States Government.

** Accepted for publication in J. Phys, Chem.



Introduction

One of the recurring themes in kinetic studies of single electron transfer

(ET) reactions at electrochemical interfaces is that much can be learned by

simple analogy to related reactions in homogeneous solution.' Electrochemists,

at least, also like to believe that the converse is true: insights regarding

homogeneous electron transfer reactivity can be derived from electrochemical

investigations. We are seeking to apply both principles in our emerging

studies of multielectron transfer kinetics. in this communication we explore

one particular aspect of multi-ET reactivity - the dependence on thermodynamic

driving force. Starting from ar electrochemical perspective, we develop a

fairly simple homogeneous analog. We then collect the observations and

reflect briel'iv on the possible broader significance of linear free energy

relations for multi-ET processes.

In the irea of electrochemical kinetics there exists a long and successful

history of utilizing linear free energy relations to ascertain the mechanistic

details of interfacial rate processes.2 Experimentally these relations take

the form of so-called "Tafel plots". i.e, plots of In i (or sometimes In k)

versus the electrochemical potential. E. In the plots, i is the diffusion-

corrected and back-reaction-corrected current - in other words the net

electrochemical rare. Alternativel-;, k is the first-order heterogeneous rate

constant (cm s'l). In either case the slope of the plot is ±aF/RT where a is

thp transfer coefficient and F is the Faraday constant. Perhaps the most

significant point is that a behaves as an electrochemical "Bronsted

coefficient";,2a within the context of transition-state theory, therefore, a can

be identified approximatel; as nrG*,,'.G. (Here .G* is the experimental

activation free energy, while -G is the overall (n electron) thermodynamic
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driving force. The dilving force is equivalently given bv ±nF(E - Ef), where

Ef is the formal reduction potential and the sign distinguishes oxidation from

reduction.)

In electrochemical studies the Tafel approach is particularly helpful wh ..n

a reaction requires the transfer of multiple electrons at a single

thermodynamic potential, but in kineticallv distinct one-electron steps. It is

well known that under these conditions the value of a precisely prescribes the

iiktegral number of electrons transferred in any rapid equilibria preceding the

rate-determining step. For example, if no electrons precede the slowest step

(i.e. the first electron is rate determining), a will equal roughly 0.5. 3  If

one electron transfer precedes the rate-determining ET step (i.e. the second

electron is rate determining), a will equal approximately 1.5. If two electron

transfers precede the rate determining step (i.e. the third electron is rate

determining) a will equal 2.5 and so on. Furthermore, from the principle of

microscopic reversibility the sum of a values in the forward and reverse

directions at any given electrochemical potential should equal the total number

of electrons transferred.

Tafel measurements clearly are powerful diagnostic tools in

electrochemical kinetic studies. We were interested therefore, in ascertaininz

whether a complementary method might exist for homogeneous processes. We find

that indeed one does. What follows is an informal derivation. For

concreteness the derivation is presented in terms of a specific (hypothetical'

homogeneous cross reactilon. In general, however, the reactions of interest are

those involving a multi-electron redox couple and a homologous series of one-

electron co-reactants.
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Derivation i Homogeneous Driviny Force Relationships

Consider the three electron, three proton reduction of chelated Os(VI):
4

Os VI(terpyridine)(0)(OH)(OH2 )3 + + 3e- + 3H + - Oslll(terpyridine)(OH 2 )3
3 +  (1)

Although eq. 1 can be driven electrochemically, it should also be possible to

effect the reduction homogeneously with a one electron reagent. If a series of

closely related reagents is prepared (say, RulI(NH 3 )5 (pyridine-X)
2 , where

X - H, CH 3 , Br, NO 2 , etc.) the members of the series will likely display

different redox potentials but similar self-exchange rates. From a series of

rate measurem.:nts, one shc-:ld be able to construct a "Bronsted" plot of log

rate vs. driving force ("by analogy t3 similar plots for Bronsted acid

catalysis) and p.rhaps derive mechanistic information.

The reduction of Os(VI) by any particular member of the series presumably

occurs sequentially as follows:

ki

OL(VI) + Ru(II) -- Os(V) + Ru(III) (2)

k.I

Defining El as the reduction potential of the Os(Vl/'V) couple, ERu as the

potential for the Ru(III/II) couple and K1 as the equilibrium constant for eq.

2, we find that

E- ERu - (RT/F) In K I  (3)

and

K- kl/k- I4

where k I and k 1 I are the second order rate constants for the forward and

reverse reactions in eq. 1. Similarly, if we assume:
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k2
Os(V) + Ru(1T ) - Os(IV) + Ru(IlI) (5)

k-2

we obtain:

Eo ERu - (<RT/F) In K2  (6)

and

K2 - V2/k 2 (6)

where E2 is the Os(V/IV) redox potential and K2, k2 and k _ are the respective

equilibrium and rate constants. Firailv, we may write

rsiV) '- Is + RuI'I (8)

S- R -RF K (9)

and

K3  - k3/'k- 3  (10)

where E3 is the ((1'/1IM) redox potential and K3 , k 3 and k.3 are the

resppctive equilibrium atnd rate constants. The net process thus is

Os(VI) + 3Ru(II) - Os(III) + 3Ru(III) (11)

By applying a steady-state approximation to the unstable intermediates

Os(7') and Os(I7)) we can obtain several rate expressions. When eq. 2 is rate

determining

dOs(Il.'/dt - (3)d'Ru(IMi)/dt - klOs(VI Ru(II), (12)

';hen eq. 5 is rate determining
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kl k2[Os(VI)][Ru(II),2

d Cs(III)]/dt - (1/3)d'Ru(IIl)Idt (13)
k-l'Ru(III)l + k2 [Ru(II)'

Then eq. 8 is rate determining

k1 k2 k3fOs(VI)]>Ru(ii ) 
3

d Os(III)'/dt - (l/3)d[Ru(iII)'/dt -

k 1 ,Ru(III)' + k-1 k-2 'Ku(III)'
2 + k 3 'Ru II

(14,

if Ru(1I) were used in great excess over Os(VI) and if all steps precedinz

the rate determining step were in rapid equilibrium, then the following

expressions for the observed pseudo-first order rate constant would apply.

Then eq. 2 is rate determining:

kobs - klrRu(IT)' (15)

',;en eq. 5 is rate determining:

kobs - KI k2 'Ru(II.
2![RuIII) (16)

.hen eq. 8 is rate determining:

kobs - K1 K 2 k3 [Ru(I)'
3 /Ru(III)i 2  

(17)

where kobs - -(l/rOs(VI):)(d'Os(VI);,dt) and -d'Os(VI)'/dt - d'Os(III)/dt

in eqs. 15-17.
5

Experimentally, any fractional order with respect to Ru(II) would suggest

that the equilibria prior to the rate-determining step are not rapid and that

some steps occur concurrently, (it is also worth considring the reverse

experimental condition. If Os(71) were used in pseudo first order excess

instead of Ru(II), and if eq. 2 were rate determining, kob, would equal
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3kl(Os(Vl) ]. On the other hand, if either eq. 5 or 8 were slow, non-pseudo-

first-order kinetics with respect to 'Ru(ll)l would be expected, despite the

large excess of Os(VI) (cf. eqs. 12-14).)

In general, when m one-electron steps precede the rate determining step

kobs - KI K2 ... Km krds'R-m+l/0o'm (18)

where R and 0 represent the reduced and oxidized forms of the one-electron

reductant. In fact, under the assumption that all steps prior to the rate

determining step are occurring as rapid preequilibrium processes, and with

excess added 0 (such that its concentration is essentially constant), the order

with respect to k will indicate which step in the multi-electron transfer is

rate determining.

If we assume that a linear free energy relationship (eq. 19) can be

appliel to the rate determining step (analogous, in a sense, to a Bronsted

acid cataiysis expression) then eq, 20 can be obtained by combining eqs. 18

and 19:

In krds - l in(K,+ I ) + (19)

In kobs - (E l - ER)F/RT + (E 2 - ER)F/RT +...+ (Em - ER)F/RT + S(Em+l - ER)F/RT

+ (m + l)ln[R] - m inO' + In k'rds (20)

(in eq 20, k'rds is the value of krds when the overall free energy driving

force is zero. Also, it is assumed that the dimensions of the last three terms

are chosen so as to render the composite logarithmic term unitless.) Thus, if

we have a series of one-electron reductants whose potentials (ER) vary, a plot

of in kobs vs. ER should be linear with a slope of m + S (for a fixed

concentration of the reductant and with enough added oxidized form such that
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.O] is effectively constant during the course of the reaction). This type of

experiment is a precise homogeneous analog of the electrochemical Tafel

experiment (In i vs. E) and for a multi-electron transfer reaction yields the

same information (m ana a values), if Marcus-type behavior were obeyed for the

rate determining step in the homogeneous reaction, the value of 9 wou"

generally be close to 0.5.3 Thus from the slope of the Bronsted plot the value

of m would be obtained, where m + 1 would designate the slow step in the

overall kinetic process.

Then the reverse of eq. 11 can be studied with the same reagents and a

second Bronsted plot constructed, the slope can be shown (by microscopic

reversibilitv) to equal n - m - 1 + 3' where 3' - I - and m is determined

from the forward kinetics (see above). It also follows that the two Bronsted

plots will intersect at the overall formal potential for the multi-electron

couple 6 (provided that any stoichiometric factors implicit in the plots have

been handled in a consistent way).

Potential Limitations

It should be noted that in the derivation several assumptions have been

made, including the following: 1) All steps prior to the rate determining step

occu- : rap i pre-equilibria. 2) With a series of one-election transfer

reagents, only the potential of the reagent varies, but not its intrinsic

reactivity (i.e. self-exchange rate). 3) The rate determining step in the

multi-ET cross reaction remains constant throughout the series. 4) A steady

state approximation is acceptable for the concentrations of species in unstable

irtermediate oxidation states. 5) Whenever the first step is not rate

determining, both the oxidized and reduced forms ot the one-electron reagent
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Regardless of the details, if the oxide surface were to function as a redox

mediator 1 6 (i.e., if electron transfer to and from solution species were to

entail repetitive cycling between different oxide valence 5tates, the reaction

kinetics would be formally analogous to those for homogeneous processes. In

attempting to unravel the kinetics, however, -*ere could be substantial

difficulties in usefull-,; varvina the metal-oxide concentration and thereby

determining an oxide reaction order. ,n the other hand, a Bronsted-ype

anallysis of oxide reactivity based on a homologous series of solution species

T'Igt provide an alternative route to the desired information. The second

example is closely related. It would involve hybrid reactions between solution

redox species and species 4mmahilized in a polymeric film, at an electrode

surface. 1 7 Depending on iust how the im_,obilizatior, were carried out, there

might again be difficulties in achieving systematic variations in concentration

for tie incorporated species and therefore. in ascertaining a reaction order in

the conventional fashion. The proposed driving-force analysis, however. might

well provide a viable route to the same information.

Concludink Comments: An Implication for Heterogeneous Systems

As indicated above, a homogeneous analog of the electrochemical Tafel

analysis can be formulated for multi-electron reagents. The simple derivation

offered here1 8 highlights the relation between Bronsted slopes and reaction

ord-rs. From the derivation one might reasonably conclude that a suitable

alternative interpretation for the transfer coefficient in the correspondine

heterogeneous (electrochemical experiment would be in terms of an effectve

reaction order in the electro: hAlthouh the usual preference in

electrochemical kinetics is -o e:-:pre-s reactivity exclusively in terms of
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potentials and current, (i.e. without specific regard for the electron itself

as a reactant) the reaction-order analogy offered by the multielectron Bronsted

analysis is (aL least in a formal sense) very appeaiing. We Lope to explore

the concept further in ongoing experimental studies.
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